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ince the advent of scanning tunnel-

ing microscopy (STM) as a surface

probe technique in the 1980s, a wide
range of molecules on various surfaces have
been investigated to reveal detail at the
nanoscale."? These studies have covered
scientific fields as diverse as semiconductor
research® to heterogeneous catalysis,* with
biological macromolecules also receiving
some attention.’ One field of study that has
remained relatively unexplored is that of
pharmaceutical drug molecules adsorbed
on surfaces.® Typically, another scanning
probe technique, atomic force microscopy
(AFM),® has been used to investigate the
structure and properties of such systems.
Hence, the only published work to date us-
ing STM in this area has focused on the
study of self-assembled monolayers of thi-
olated paracetamol and benzocaine deriva-
tives’ rather than on pure drug molecules.
This is perhaps surprising given the poten-
tial for STM to explore the nanoscale mech-
anism of drug adsorption and crystal
growth on metal surfaces.

Polymorphism (i.e., crystallization into
different packing arrangements) is a sub-
stantial problem for the pharmaceutical in-
dustry as different polymorphs of the same
compound must be rigorously character-
ized and controlled due to their different
physical properties. Heteronuclei or sur-
faces that aid nucleation are known to influ-
ence polymorph specificity;® therefore, un-
derstanding the role of how heteronuclei
surface properties influence polymorph
specificity could ultimately lead to rational
polymorph selection, where heteronuclei
are specifically chosen to produce particu-
lar polymorphic structures, in stark contrast
to the largely empirical approach currently
used in high-throughput polymorph screen-
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ABSTRACT Scanning tunneling microscopy (STM) has become a staple surface microscopy technique for a
number of research fields ranging from semiconductor research to heterogeneous catalysis. Pharmaceutical
compounds, however, remain largely unstudied. Here we report the first STM study of carbamazepine ((BZ), an
anti-epileptic drug, on Au(111) and Cu(111) surfaces. The analysis reveals that (BZ adopts unusual chiral molecular
architectures on both metals. These previously unreported structures, which are strikingly different from (BZ
packing arrangements observed in 3D crystal structures, indicate that the main molecular architecture is driven
by a combination of CBZ intermolecular hydrogen bonding and metal —(BZ interactions. Comparison of the 2D
molecular structures reveals large differences in local geometry and packing density that are dependent on the
nature of the metal surface. These results have implications for the potential role of metal surfaces as heteronuclei
or templating agents for controlling polymorph formation, which continues to be a problem for many compounds
in the pharmaceutical industry including (BZ.
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ing. Drug molecule polymorphs are particu-
larly problematic as different crystal forms
can show significant differences in key physi-
cal properties, impacting large-scale indus-
trial manufacturing and potentially resulting
in altered bioavailability of dosage forms.’
While STM can afford access to excep-
tionally detailed molecular packing infor-
mation, pharmaceutical molecules present
many difficulties when studied with this
technique, such as low vapor pressure and
chemical lability that can hinder sample
preparation, particularly in the ultrahigh
vacuum (UHV) applications considered
here. In addition to these practical chal-
lenges in sample preparation, image analy-
sis of STM data consisting of organic mol-
ecules, which possess the conformational
flexibility and diverse chemical functional- *Address correspondence to
ities characteristic of typical drug com- charles.sykes@tufts.edu.
pounds, is also challenging. While the iden-  geceived for review April 23, 2010
tification of rigid polycyclic aromatic and accepted August 24, 2010.
compounds (e.g., tetracene, porphyrin rings, Published online September 2, 2010.
etc.) can often be achieved by facile super-  10.1021/nn100868r
imposition of two-dimensional molecular
models over the electron density lobes © 2010 American Chemical Society
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Figure 1. Structural models of carbamazepine (CBZ). (A) Two-
dimensional molecular structure. (B) Three-dimensional in
vacuo geometry optimized structure of CBZ showing the
“butterfly-like” geometry. (C) Experimentally observed pair-
wise interaction that dominates 3D CBZ crystal polymorphs.
(D) Additional stable association geometry predicted for 3D
CBZ packing.*

~

presented in the STM image,'®'® image analysis be-

comes less straightforward when the molecules adsorb
in nonplanar configurations.™ '8 This latter issue be-
comes particularly critical if STM is to be used for the
analysis of extended arrays/motifs of complex supra-
molecular assemblies often implicated in
nanotechnology.'®~3°

In this publication, we describe the molecular ar-
rangements of a well-studied, commercially avail-
able drug molecule, carbamazepine (CBZ)*° (Figure
1) on Au(111) and Cu(111) metal surfaces in UHV. In
contrast to the pairwise interactions observed in 3D
crystal structures of CBZ (Figure 1C), we report a pre-
viously unseen CBZ trimer packing motif on both
metal surfaces, which highlights the hydrogen bond-
ing induced stability of the surface-bound trimer.
Metal—CBZ electron overlap has a critical influence
on the complex 2D molecular architectures formed
by packing the CBZ trimers, with both metal surfaces
inducing organizational chirality*' in the molecular
architectures, albeit in different ways. On Au(111),
homochiral domains of CBZ trimers are observed re-
sulting in a 2D conglomerate where ultimately there
is a racemic mixture of chiral domains (similar to 3D
crystal conglomerates which are racemic mixtures
composed of physically separated enantiopure do-
mains).*? Conversely, on Cu(111), heterochiral do-
mains are formed with enantio-favoritism. These
heterochiral domains are more densely packed than
the homochiral domains observed on Au(111) and
indicate that the heterochiral packing of CBZ trim-
ers on Cu(111) is a more efficient packing approach
and a 2D analogy of Wallach’s rule from 1895, which
states that racemic crystals tend to be denser than
their enantiomerically pure counterparts.®3
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RESULTS AND DISCUSSION

CBZ was dosed onto Au(111) and Cu(111) single-
crystal surfaces at coverages ranging from 0.02 to <1
ML at 78 K. In this case, a monolayer (ML) refers to a
single layer of closely packed molecules. Miniature
(2 X 2 mm?) Au and Cu single crystals were mounted
on the same sample plate so that experiments could be
conducted in parallel. This ensured no variation in mo-
lecular dose or annealing temperature between the two
surfaces. In order to avoid complexity arising from the
crowding of molecules and distortion of packing, the
coverage of CBZ on the surface was kept to approxi-
mately 0.5 ML. Figure 2 shows a ~0.5 ML coverage of
CBZ on Au(111) and Cu(111) at 78 K with the CBZ mol-
ecules self-assembling to form large, ordered islands in
which individual molecules pack with an apparent
three-fold symmetry. The islands are surrounded by
smaller CBZ clusters and individual molecules. Molecu-
lar vacancies are also observed in the 2D crystalline is-
lands on both the Au(111) and Cu(111) surfaces, al-
though vacancies occur with a greater frequency on
Au (Figure 2). Other packing irregularities are also
present on the Au surface, which are not observed on
the Cu, and are therefore likely due to the underlying
herringbone reconstruction of the Au(111) substrate.
However, the basic, repeating packing unit observed
across the majority of the two surfaces appears as a
three-lobed structure (Figure 2), which is in stark con-
trast to the 3D structure of CBZ (Figure 1).

We propose that the three-lobed structures on both
Au and Cu can be attributed to one of two types of tri-
mers present on the surface, either a trimer formed by
three hydrogen-bonded CBZ molecules (“CBZ trimer”)
or a trimer formed by intersecting dibenzazepine moi-
eties of neighboring CBZ molecules (“dibenzazepine tri-
mer”). The two types of trimers (Figure 3) are different
in size with the sides of each equilateral triangle
measuring ~8 A for the CBZ trimer and ~6 A for the
dibenzazepine trimer on Au(111). Each molecule in the
CBZ trimer (as seen in Figure 3) is orientated in such a
way that both the amide group and one aromatic ring
of the dibenzazepine moiety are in close contact with
the metal surface, while the remaining aromatic ring
points away from the surface. This tilted ring (which
shall now be referred to as the “sail” ring) tilts away from
the surface by a calculated angle of ~53°. In turn, the
amide groups of the CBZ trimer adopt a three-fold sym-
metry, allowing favorable hydrogen bonding interac-
tions between the adjacent amide groups. Because the
sail ring of each CBZ molecule within the trimer is tilted
slightly off of the surface, adjacent molecules are able
to approach at a closer distance. Thus, each trimer con-
figuration is formed from a concerted arrangement of
individual CBZ molecules that also results in organiza-
tional chirality,*” which can be reversed by switching
which ring is in contact with the surface in each of the
three CBZ molecules. The dibenzazepine trimers also
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Figure 2. Formation of CBZ islands on Au(111)/ Cu(111). (A) On Au(111), the CBZ molecules form large, ordered islands as
seen in this 500 x 500 A2 STM image (tunneling parameters: sample voltage (V;) = —0.9 V, current (I) = 10 pA). (B) Order-
ing of the CBZ molecules within the island manifests with a unique three-lobed structure as evident in this molecularly re-
solved STM image. Some defects in the island due to missing molecules can also be seen (V; = —1.2 V, | = 40 pA). (C) Simi-
lar to the packing arrangement on Au(111), CBZ forms large, ordered islands on Cu(111). In this 250 X 250 A2 STM image, it
is possible to see two ordered islands beginning to merge (V; = —1.2V, I = 10 pA). (D) Interestingly, CBZ also adopts a tri-
mer motif on the Cu surface as seen in this molecularly resolved STM image (V; = —1V, | = 30 pA).

have an associated chirality, which will be described in ~ bonded trimer of CBZ on Au(111) as described above,

the following sections. with the sail ring highlighted in white. Applying a Con-
Figure 4A shows the energy minimized (with re- nolly surface* (described in detail below) to this ball
spect to atomic coordinates) model of the hydrogen- and stick model results in a trimer structure (Figure 4B),

Figure 3. Organizational chirality and identity of trimers on Au(111). (A) Energy minimized model of three CBZ trimers on
Au(111) (surface not shown for clarity). The red triangle designates a CBZ trimer, while the blue triangle designates a diben-
zazepine trimer. The chiral configuration of each trimer due to the directionality of the tilted rings is denoted by a white let-
ter, either “P” or “M". The chiral assignment is unconnected with the trimer’s identity, and each type of trimer can be of
either chirality. (B) Schematic of three CBZ trimers for clarification with the identity of the trimers indicated.
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Figure 4. Connolly surface of CBZ arrangement. (A) Energy
minimized model trimer of CBZ on Au(111) indicating how the
molecules must tilt in order to arrange and form hydrogen
bonds (surface not shown for clarity). (B) Connolly surface
model of the region of the STM image encircled in red (V; =
—1.2V, | =5 pA). Not only does the model visually comple-
ment the STM images, but the dimensions of the model follow
those of the images, as well. (C) When examining the packing of
multiple trimers as described by the Connolly model, it is no-
table that the model packing matches the arrangement in the
STM images. (D) A slice through the periodic cell, coplanar with
the Au surface and level with the top of the CBZ trimer, shows
the electron density of the HOMO. The two triangles in the cen-
tral STM image show approximate dimensions for the CBZ tri-
mer (highlighted in red) and the dibenzazepine trimer (high-
lighted in blue).

which is very similar in appearance to the observed
three-lobed features in the STM images. Moreover, this
can be extended by 2D translation to yield an array that
significantly resembles the extended islands visible in
the STM data (Figure 4C). The Connolly surfaces suggest
that the lobes of maximum intensity in the STM im-
ages correspond to the tips of the sail rings of the three
CBZ molecules within the CBZ trimer. As the STM im-
ages display the height of the tip as it raster scans
across the sample with a constant tunneling current, it
is worth considering the physical meaning of the Con-
nolly surface in this context.

The Connolly surface,** also called solvent excluded
surface, provides a means to visualize the accessibility
of a molecular surface to a probe. This type of model-
ing is most commonly used to model protein surfaces
where the probe is a sphere of water (usually 1.4 A in ra-
dius).** However, surface modeling approaches which
utilize probes can in theory be applied to STM images
with the probe representing the STM tip rather than a
solvent. All currents used for imaging were on the or-
der of picoamps and, therefore, represent nonperturba-
tive scanning conditions at which the STM tip is not
penetrating into the molecular film on the surface. A
slice through the periodic cell, coplanar with the Au sur-
face and level with the top of the CBZ trimer, which

ACINANC) voL. 4 = NO.9 = IsKIET AL

shows the electron density of the HOMO, can be seen
in Figure 4D. This closely matches the highlighted up-
per regions of the Connolly surface, which would be
most exposed to the STM tip. The trimer model also fits
the observed dimensionality of the three-lobed struc-
ture observed in the STM images (Figure 4; see the ~8
X 8 X 8 A red triangle). The problem of using a purely
planar CBZ model to describe the three-lobed structure
relates to the fact that a planar CBZ model would not
fit the observed dimensions.

Furthermore, the butterfly geometry of CBZ (Figure
1B) in the gas phase closely matches the geometry ob-
served in 3D crystals.*’ Taking the proposed CBZ trimer
model, each amide group is now in an environment
where it can not only chemisorb to the metal surface
but also form a cyclic hydrogen-bonded motif with ad-
jacent amide groups. Although arguably obvious, a
semiempirical geometry optimization of a free trimer
removed from the Au(111) surface shows that, although
the trimer deforms when not constrained to planarity
by the Au surface, the hydrogen bonding motif is re-
tained in the optimized, isolated arrangement. The tri-
mer arrangement also allows the aromatic groups lying
parallel to the surface to form m-metal interactions,
which further stabilize the overall arrangement.

This novel molecular architecture represents a mode
of self-association for CBZ that is not observed in any
of the known polymorphs* or in over the 50 multicom-
ponent three-dimensional crystal structures reported
to date in the Cambridge Structural Database.*># As
previously shown (Figure 3), each trimer motif has an
associated chirality which derives from the sail ring of
the dibenzazepine moiety. By extending the CBZ trimer
motif through 2D translation to incorporate three CBZ
trimers and computationally modeling the energy mini-
mized system on Au(111) produces Figure 3A.

Here, each CBZ trimer motif adopts a P configura-
tion, while the dibenzazapine trimer adopts the oppo-
site M configuration. P and M are the chirality descrip-
tors equivalent to R and S but in the helical definition of
chirality appropriate for the trimer structures observed
here.*” As stated previously, the classification of chiral-
ity and trimer identity are not directly related. Each type
of trimer can be of either chirality. Molecular chirality
on metal surfaces has been reported for a number of
systems'##8753 and can be attributed to either locally
breaking substrate symmetry through molecular ad-
sorption (conformational and point chirality) or from
the tilting of molecular structures (organizational chiral-
ity) as observed with CBZ on Au and Cu surfaces.*’ On
Au(111), domains of CBZ trimers with specific chiral
configurations are produced, as shown in Figure 5.
These domains are homochiral, regardless of chiral per-
spective, in that all CBZ trimers within a domain will
have one configuration while all dibenzazepine trimers
within the domain will have the opposite chiral config-
uration (e.g., a P domain of CBZ trimers corresponds to a
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Figure 5. Homochiral CBZ domains on Au(111). (A) Schematic diagram of three CBZ trimers where each CBZ trimer has a P
configuration (shown by the red triangle). (B) STM image of CBZ on Au(111) showing the two different homochiral domains
of the CBZ trimers (red triangles denote a P configuration, while black triangles denote a M configuration).

M domain of dibenzazepine trimers). It is even pos-
sible to analyze each image and assign approximate
percentages of P and M configurations (Figure 5B).
Overall, across a number of CBZ domains on Au(111)
(not shown), the ratio of P to M configurations (whether
comparing CBZ trimers or dibenzazepine trimers) is ap-
proximately 50:50 (*10%). Domain homochirality and
resulting global racemic mixtures have been previously
reported for a number of systems on metal
surfaces.”* > In regard to the appearance of the adsor-
bates near the edges of the island in Figure 5, it is well
understood that adsorbates at island edges may appear
differently in STM images due to a different interaction
of the STM tip with the higher aspect ratio edge versus
the flatter surface of the island. The side of the STM tip
contributes to the topographic contour of the edge,
and features can appear distorted. Furthermore, the or-
dering of the adsorbates breaks down near the edges
of the islands due to a lack of neighboring molecules,
leading to different local orientations of the edge
molecules.

The Cu(111) surface alters the CBZ domain struc-
ture to produce a highly packed mixture of M and P tri-
mers as opposed to the simpler homochiral three-fold
symmetry observed on Au(111). This molecular packing
approximates to 2.7 CBZ molecules/nm? on Cu com-
pared with approximately 1.7 CBZ molecules/nm? ob-
served on Au. Each three-lobed structure observed on
Cu is dimensionally too small to be attributed to the
CBZ trimer observed on Au (e, 5 X 5 X 5 A compared
with 8 X 8 X 8 A). Instead, the three-lobed structures
can be attributed to the dibenzazepine trimer (Figure
6), which is more closely packed on the Cu surface than
on the Au (Figures 3 and 5). Due to the geometry of
the trimers and the way in which the tip images them
on the surface, the lobes of the dibenzazepine trimer
appear as nearest neighbors and the lobes of the CBZ
trimer are more separated. Similar to CBZ on Au, each

www.acsnano.org

dibenzazepine trimer possesses organizational chirality
with the six-fold symmetry being described as six P tri-
mers with a central M trimer (2:1 P to M chiral ratio),
which overall produces a hexagonal array. The fact that
CBZ on Cu(111) appears to show local enantio-
favoritism and has a far higher packing density than
on Au(111) indicates that the heterochiral packing of
CBZ on Cu produces a higher degree of packing than
homochiral packing on Au.

Interestingly, the fact that the heterochiral CBZ do-
mains on Cu(111) have a significantly higher packing
density than the homochiral CBZ domains on Au(111)
indicates that CBZ on Cu and Au surfaces obeys a 2D
version of Wallach's rule (1895), which states that race-

Figure 6. Heterochiral CBZ domains on Cu(111). STM image
showing the hexagonal packing of CBZ on Cu(111). The two
types of trimers present on Cu are shown, with the dibenza-
zepine trimer (highlighted in blue) and the CBZ trimer (high-
lighted in red). The heterochirality of the CBZ packing is shown
using the dibenzazepine trimers (P and M white lettering). The
white parallelogram indicates the basic unit cell of CBZ on Cu.
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mically pure crystals tend to be denser than their enan-
tiomerically pure counterparts.*>>°

CONCLUSIONS

CBZ adsorption on Au and Cu(111) single crystals re-
sulted in the formation of complex chiral molecular ar-
chitectures that are previously unreported. The results
presented here indicate that the architecture is gov-
erned by a number of phenomena that include (1) the
potential of surface-bound CBZ molecules to form
stable three-fold hydrogen-bonded motifs via the
amide groups; (2) the ability of CBZ molecules to form
close-packed trimer arrangements around the dibenza-
zepine moiety, enabling hydrogen-bonded trimer units
to form densely packed arrays; and (3) interactions be-
tween the dibenzazepine and amide moieties of CBZ
and the underlying metal surface. These architectures
highlight the complexity of metal—drug molecule inter-

METHODS

Sample Preparation. The sample preparation and STM imaging
were conducted in a LT-UHV Omicron NanoTechnology system
that was cooled to 78 K with a base pressure <5 X 107'° mbar.
The Au(111) and Cu(111) single crystals (MaTeck) were cleaned
prior to CBZ (99%, Sigma-Aldrich) deposition by cycles of Ar*
sputtering (1.0 keV/18 pA) followed by thermal anneals to
1000 K. The cleanliness of the metal surfaces was verified with
STM imaging. The substrates were kept at 78 K during molecu-
lar deposition and all STM imaging. The CBZ was heated to ~413
K and dosed onto the cold surfaces via sublimation into the
STM chamber through a heated gas line and precision leak valve.
The molecules were deposited on the samples through a colli-
mated molecular doser. After dosing, the substrates were an-
nealed to ~120 K.

Scanning Tunneling Microscopy. Topographic STM imaging was
operated under the constant-current mode with the bias applied
to the sample. All images were recorded with cut Pt/Ir wire tips
(80/20, 0.25 mm diameter).

Surface Modeling. A model of three CBZ molecules adopting
a H-bonded trimer motif with C; symmetry was generated
to reflect the three-lobed patterns present in the STM im-
ages. This trimer was placed on a Au(111) surface, four at-
oms deep, and then added to a periodic cell (a = 28.8 A, b
=288A, ¢c=300A a=90.0°B = 90.0° vy = 120.0°) with
the Au surface perpendicular to the c-axis. The contents of
the cell were then optimized without symmetry constraints
using DMol3% with the PW91 functional®' and DNP (double
numerical plus polarization) basis set, using DFT semicore
pseudopotentials.®? A single k-point was used along with an
SCF convergence tolerance of 1.0e® Ha, and both HOMO and
LUMO MO densities for the final structure were calculated.
The optimized trimer was then replicated to allow a close-
packed arrangement between three trimers that could be
further investigated. In this instance, the Au surface was six
atoms deep, and the periodic cell dimensions were increased
(a=577Ab=577A c=500A o =900°pB = 90.0° v
= 120.0°) to accommodate the larger system. Geometry op-
timization was carried out with Accelrys’ Discover with the
COMPASS force field®® using the BFGS minimizer and a 0.001
kcal mol~' A~ convergence criteria.

Acknowledgment. C.S. and E.l. thank the National Science
Foundation, the Beckman Foundation and Research Corpora-
tion for support. E.Il. acknowledges the Department of Educa-
tion for a GAANN fellowship.
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actions but hint that metal surfaces may serve as
heteronuclei for directing polymorph formation. As for-
mation of one polymorph over another is often a subtle
kinetic effect, sublimation of compounds onto differ-
ent metal surfaces may provide a method to select a de-
sired structure. The drastic difference between Cu and
Au surface-supported 2D CBZ crystals demonstrates
that the nature of the metal has a strong influence on
the initial stages of crystal growth. The work also dem-
onstrates the potential of STM as a technique for prob-
ing 2D drug molecular architectures and the relation-
ship between molecular conformation, noncovalent
intermolecular interactions, and extended structure.
However, considerable work is still required to under-
stand if complex 2D molecular architectures can be re-
liably utilized as templates to form novel 3D crystalline
entities.
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